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1
FILLING MEMBER AND BATTERY PACK

TECHNICAL FIELD

The present invention relates to a filling member and to a >
battery pack including the filling member.

BACKGROUND ART

Secondary batteries have been used as power sources of 10
vehicles etc. For the purpose of increasing flexibility in
installation 1n a limited space 1n, for example, a vehicle and
for the purpose of increasing its cruising range per charge,

a wide variety of studies have been conducted to increase the
energy density of secondary batteries. 15
The safety of a secondary battery tends to be contradic-

tory to its energy density. The higher the energy density of

a secondary battery, the lower the safety tends to be. For
example, 1n a secondary battery installed 1n an electric
vehicle with a cruising range of several hundred km, when 2Y
the secondary battery 1s damaged by overcharging, an inter-
nal short circuit, etc., the surface temperature of the battery
can exceed several hundred © C. and can reach about 1000°

C.

A secondary battery used as a power source of, for 2>
example, a vehicle 1s generally a battery pack including a
plurality of cells. When one of the cells 1n the battery pack
1s damaged and the temperature of this cell reaches a high
temperature as described above, the heat of the damaged cell
may cause adjacent cells to be damaged, so that the entire 3Y
battery pack may be damaged in a chain manner. To prevent
the chain of damage to the cells, various techniques have
been proposed. For example, 1n one technique, the damaged
cell 1s cooled. In another technique, heat transier from the
damaged cell to undamaged cells is reduced. 33

PTL 1 describes partition members disposed between
cells and formed of a meltable base material and a thermo-
setting resin, and melting of the base material 1s utilized to
reduce heat transfer through the partition members. PTL 2
describes partition members disposed between storage cells Y
and formed of a resin-made base material and a foaming
agent that 1s held i the base material and 1s thermally
decomposable when an increase 1n temperature occurs due
to heat generation of a storage cell. PTL 3 describes partition
members each separating cells or a cell and another member 2
from each other. It 1s stated that, by controlling the heat
transier resistance of the partition members 1n their thick-
ness direction to meet specific conditions, spread of burning

of cells can be prevented or retarded.
50

CITATION LIST

Patent Literature

PTL 1: JP2010-97693A 55
PTL 2: JP2010-165597A
PTL 3: WO2018/124231A1

SUMMARY OF INVENTION

60
Technical Problem

At present, widely used cells include rectangular cells,
cylindrical cells, and pouch cells. In PTL 1 to PTL 3, the
cells are mainly rectangular cells. 65

An object of the present invention 1s to provide a filling
member that can improve the safety of a battery pack

2

including pouch cells when the filling member 1s used for the
battery pack and to provide a battery pack including the
filling member.

Solution to Problem

The present inventors have conducted detailed studies to
achieve the above object and found that the above object can
be achieved by a filling member used between pouch cells
and having a heat transier resistance (hereinafter may be
referred to also as thermal resistance) that meets specific
conditions. The present invention 1s summarized as follows.
[1] A filling member to be imterposed between pouch cells of
a battery pack,

the filling member having a first surface orthogonal to a
thickness direction thereot and a second surface opposite to
the first surface,

wherein 0 ,, and 0 ,, defined below satisty formulas (1)
and (2) below, respectively, wherein 0, satisties formula (3)
below, and wherein 0 ,,>0 ,, holds:

0_,23.0x107 (m*-K)/W, (1)
0,,=8.0x107> (m*-K)/W, (2)
0.5 K/'W=6,,<1000 K/W, (3)
0.5 K/'W=6,,<1000 K/W, (4)

0 ,: a heat transfer resistance per unit area 1n the thickness
direction when the average temperature of one of the first
and second surfaces exceeds 180° C.,

0 ,,: a heat transfer resistance per unit area 1n the thickness
direction when the average temperatures of the first and
second surfaces both do not exceed 80° C.,

0,,: a heat transter resistance in a plane direction when
the average temperature of one of the first and second
surfaces exceeds 180° C.,

0_,: a heat transier resistance in the plane direction when

=
the average temperatures of the first and second surfaces

both do not exceed 80° C.
[2] The filling member according to [1], wherein the filling
member comprises a partition member and a heat transier
sheet,

wherein, when the average temperature of one of the first
and second surfaces exceeds 180° C., the thermal conduc-
tivity of the partition member 1n the thickness direction 1s
from 2.0x107= W/m‘K to 2.0 W/m-K inclusive,

wherein, when the average temperatures of the first and
second surfaces both do not exceed 80° C., the thermal
conductivity of the partition member 1n the thickness direc-
tion is from 5.0x107> W/m-K to 5.0x10" W/m-K inclusive,
and

wherein the thermal conductivity of the heat transier sheet
(B) in the plane direction is from 1.0x10" W/m-K to 2.0x10°
W/m-K inclusive, irrespective of the temperature of the
partition member.
[3] The filling member according to [2], wherein the thick-
ness of the heat transfer sheet 1s 0.02 to 2 mm.
[4] The filling member according to [2] or [3], wherein the
thickness of the filling member 1s 0.2 to 10 mm.
[5] The filling member according to [1], wherein the thick-
ness of the filling member 1s 0.2 to 10 mm.
[6] A battery pack comprising: a plurality of pouch cells; and
a filling member according to any one of [1] to [3], the filling
member being interposed between each two adjacent pouch
cells of the plurality of pouch cells.
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| 7] The battery pack according to [6], wherein the first and
second surfaces of each of the filling member that 1s inter-
posed between corresponding two adjacent pouch cells of
the plurality of pouch cells face the respective two adjacent
pouch cells of the plurality of pouch cells.
[8] The battery pack according to [6] or [7], wherein the
pouch cells are enclosed by an exterior material, and
wherein the exterior material has a layered structure includ-
ing a resin layer and a metal foi1l layer.
[9] The battery pack according to any one of [6] to [8],
wherein, when the thickness of each of the pouch cells 1s L,
the thickness of the filling member 1s L/50 to L/10.
[10] The battery pack according to any one of [6] to [9],
wherein the filling member 1s the filling member according,
to any one of [2] to [4], and wherein, when the thickness of
cach of the pouch cells 1s L, the thickness of the heat transfer
sheet 1s /1000 to L/10.

[Al] A filling member having two surfaces orthogonal to
a thickness direction thereof and used in a battery pack
including a plurality of pouch cells, the filling member
separating two of the pouch cells from each other,

wherein 0 ,, and 0, defined below satisty formulas (1)
and (2), respectively:

0 ,,25.0x107° (m*K)/W, (1)

0 _,=4.0x10™ (m*>K)yW, (2)

0 ,,: a heat transier resistance in the thickness direction
when the average temperature of one of the two surfaces
exceeds 180° C.,

0 . a heat transier resistance in the thickness direction
when the average temperatures of the first and second
surfaces both do not exceed 80° C.

[A2] The filling member according to [Al], wherein 0,
and 0, defined below satisty formulas (3) and (4), respec-
tively:
0,,21.0x107" (m™K)/W,

£

(3)

0,,21.0x107" (m*K)/W, (4)

0,,: a heat transfer resistance in a plane direction when

the average temperature of one of the two surfaces exceeds
180° C.,
0,-: a heat transfer resistance in the plane direction when

the average temperatures of the two surfaces both do not
exceed 80° C.

[A3] The filling member according to [Al] or [AZ2],
wherein the filling member includes a partition member (A)
and a heat transfer sheet (B), wherein the thermal conduc-
tivity of the partition member (A) 1n the thickness direction,
when the average temperature of one of the two surfaces
exceeds 180° C., the thermal conductivity of the partition
member (A) in the thickness direction is from 2.0x1072
W/m-K to 2.0 W/m-K 1nclusive, wherein, when the average
temperatures of the two surtaces of the partition member (A)
that are orthogonal to the thickness direction both do not
exceed 80° C., the thermal conductivity of the partition
member (A) in the thickness direction is from 5.0x107°
W/m-K to 5.0x10" W/m-K inclusive, and wherein the ther-
mal conductivity of the heat transier sheet (B) 1n a plane
direction is from 2.0x107> W/m'K to 1.0x10° W/m-K inclu-
sive wrrespective of the temperature of the partition member
(A).

|A4] The filling member according to any one of [Al] to
| A3], wherein the thickness of the filling member 1s 0.2 to
10 mm.
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| AS] A battery pack including: a plurality of pouch cells;
and the filling member according to any one of [Al] to [A4],
wherein the filling member separates two of the pouch cells
from each other.

|[A6] The battery pack according to [AS], wherein the
pouch cells are enclosed by an exterior material, and
wherein the exterior material has a layered structure includ-
ing a resin layer and a metal foil layer.

| A7] The battery pack according to [AS5] or [A6], wherein
the thickness ol each of the pouch cells 1s L, and the
thickness of the filling member 1s L/50 to L/10.

Advantageous Effects of Invention

The filling member of the present invention reduces heat
transier between pouch cells.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A 1s a perspective view exemplifying a filling
member.

FIG. 1B 1s a perspective view exemplifying a filling
member having a comb structure.

FIG. 1C 1s a cross-sectional view showing an example of
a battery pack that uses filling members each including a
partition member and a heat transier sheet.

FIG. 1D 1s a cross-sectional view of a filling member
including a pouch structure.

FIG. 1E 1s a cross-sectional view showing the operation
of the filling member i FIG. 1D.

FIG. 2A shows a two-dimensional simulation model of a
battery pack used 1n an Example.

FIG. 2B shows a two-dimensional simulation model of a
battery pack used 1n an Example.

FIG. 2C 1s a graph showing changes in maximum tem-
peratures of single electrodes over time.

FIG. 2D shows a simulation model of a battery pack used
in Examples.

DESCRIPTION OF EMBODIMENTS

The present invention will be described 1n detail. The
following description provides examples (representative
examples) ol embodiments of the present invention, and the
invention 1s not limited to these embodiments so long as the
invention does not depart from the scope of the mvention.

The battery pack of the present invention includes a
plurality of pouch cells and filling members each disposed
between adjacent pouch cells. An example of the battery
pack 1s shown i FIG. 1C.

The battery pack 10 1n FIG. 1C includes a cooling plate
11, a plurality of pouch cells 12 disposed on the cooling plate
11, and filling members 20 each disposed between adjacent
pouch cells 12. In the battery pack 10 in FIG. 1C, a filling
member 20 1s disposed also on the outer side of a pouch cell
12 at one end (the left end 1n the figure) in the arrangement
direction.

In FIG. 1C, eight pouch cells 12 are shown, but the
number of pouch cells 12 1s not limited to eight. Generally,
about 2 to about 500 pouch cells are arranged.

In this battery pack 10, each filling member 20 1s obtained
by stacking a plate-shaped partition member 21 and a heat
transier sheet 22 having an L-shaped cross section. The
plate-shaped partition member 21 has two plate surfaces,
1.€., first and second surfaces 21a and 215 orthogonal to 1ts
thickness direction.
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Each heat transter sheet 22 includes a main piece 224
overlapping a corresponding partition member 21 and an
extending piece 226 extending from the main piece 22a.
Each extending piece 225 1s interposed between a corre-
sponding pouch cell 12 and the cooling plate 11.

Each filling member 20 1s an example of the filling
member of the present invention. Other examples of the
filling member are shown in FIGS. 1A, 1B, 1D, and 1E.

FIG. 1A exemplifies a filling member 1A having a cuboi-
dal (plate) shape having a longitudinal length, a transverse
length, and a thickness (width). The filling member 1A has
two surfaces 1a and 15 orthogonal to its thickness direction.
The surface 1a 1s one of the plate surfaces of the filling
member 1A, and the surface 15 1s the other plate surface.

The filling member 1A 1s disposed between pouch cells
included 1n a battery pack so as to separate the pouch cells
from each other. With the filling member 1A disposed
between the pouch cells, the surface 1a and the surface 15
face the respective pouch cells. The surface 1a and the
surface 15 may be disposed so as to be in contact with the
respective pouch cells facing each other or may be disposed
so as to be separated from the respective pouch cells with
gaps formed therebetween. To reduce the heat transfer
resistance, 1t 1s preferable that the surfaces 1a and 15 are in
contact with the respective pouch cells.

It 1s preferable that the filling member 1A shown in FIG.
1A 1s disposed such that the surface 1a and the surface 15
tace the respective pouch cells. However, the filling member
1A may be disposed such that surfaces other than the
surfaces 1a and 15 face respective pouch cells.

FIG. 1B exemplifies a filling member 1B having a comb
structure. The filling member 1B 1s formed so as to have a
plate-like overall shape. The filling member 1B has two
surfaces 1¢ and 14 orthogonal to its thickness direction. The
surface 1c¢ as a whole 1s formed as one flat surface. The
surface 1d includes long narrow surfaces 1f extending
parallel to the transverse direction of the filling member 1B
and bottom surfaces 17 of grooves recessed from the sur-
taces 1f. The grooves extend from one transverse end of the
filling member 1B to the other transverse end so as to be
parallel to the transverse direction. Therefore, the filling
member has a comb shape when viewed 1n the transverse
direction.

A filling member 30 shown 1n FIG. 1D includes a pouch
structure 31, a lattice-shaped frame 32 disposed inside the
pouch structure 31, and a fluid material 34 charged inside the
pouch structure 31 and i a liquid state at T [° C.]. An
opening 31e provided on a lower surface 31d of the pouch
structure 1s closed with a stopper 33 formed of a material
having a melting point around T [° C.].

The opening 33 may be provided in a lower portion of the
pouch structure 31 other than the lower surface 31d.

The pouch structure 31 has a substantially cuboidal hol-
low shape having a pair of longitudinal principal surfaces
31a and 315, an upper surtace 31c, and the lower surface
314

The frame 32 has a lattice shape including a longitudinal
piece 32a parallel to the principal surfaces 31a and 315 and
a plurality of transverse pieces rising substantially perpen-
dicularly from the longitudinal piece 32a. The longitudinal
piece 32a extends from the lower surface 31d to the upper
surface 31c¢. The plurality of transverse pieces 32b are
arranged at intervals in the height direction. The forward
ends of the transverse pieces 32b abut against the rear side
of the principal surface 31a or 31b.

As shown 1n FIG. 1E, when the stopper 33 melts, the fluid
material 34 in the pouch structure 31 tlows down through the
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opening 31e to the outside. The frame 32 has the function of
retaining the shape of the pouch structure 31. Since the
pouch structure 31 is disposed, the hollow shape of the
pouch structure 1s maintained even after the fluid material 34
has flown out.

The filling member 30 1n FIG. 1F includes the frame 32.
However, the filling member may have a structure 1n which
the frame 32 1s omitted.

A plurality of pouch structures 31 may be arranged 1n
transverse or longitudinal direction between cells. The stop-
per 33 1s not an essential member. The melting point of the
material 34 forming the stopper 33 may be equal to or lower
than the melting point of the fluid material. The stopper may
be formed of the same material as the material of the flmd
maternial 34. The fluid matenial 34 may be a liquad at T [© C.]
or may be 1n a tlowable state other than the liquid state.

The filling member of the present invention may be
composed of a single member or may be composed of a
plurality of members. One example of the filling member
composed of a plurality of members 1s a filling member 20
including the partition member 21 and the heat transfer sheet
22 shown 1n FIG. 1C and 1s preferably a filling member 20
obtained by staking the partition member 21 and the heat
transier sheet 22.

These filling members 20 are examples of the filling
member having a partition member and a heat transfer sheet
and may be a filling member including a partition member
and a heat transier sheet other than those 1n FIG. 1C.

From the viewpoint of preventing a chain of damage to
cells to thereby keep the energy density of the battery pack
high, the thickness of the filling member 1s preferably L/50
or more and more preferably 1./40 or more, where L 1s the
thickness of each of the pouch cells included 1n the battery
pack. The thickness of the filling member 1s preferably L/10
or less and more preferably L/11 or less.

The thickness of the filling member 1s preferably 0.2 mm
or more and more preferably 0.3 mm or more. The thickness
of the filling member 1s preferably 10 mm or less and more
preferably 9 mm or less.

[Heat Transfer Characteristics of Filling Member]

The filling member of the present mvention has two
surfaces opposite to each other 1n 1ts thickness direction and
1s used for a battery pack including a plurality of pouch cells
so as to separate pouch cells from each other, and 0 ,, and 0,
defined below satisiy the following formulas (1) and (2),
respectively.

0,,23.0x107 (m*-K)/W, (1)

0_,=<8.0x10™ (m*-K)/W, (2)

0 ,,: A heat transfer resistance 1n the thickness direction
when the average temperature of one of the two surfaces of
the filling member exceeds 180° C.

0 ,: A heat transter resistance i1n the thickness direction
when the average temperatures of the two surfaces of the
filling member are both lower than 80° C.

The filling member of the present invention separates
pouch cells included 1n a battery pack from each other and
has two surfaces opposite to each other in the thickness
direction. The thermal resistance (0 ,,) per unit area in the
thickness direction when the average temperature of one of
the two surfaces exceeds 180° C. satisfies formula (1), and
the thermal resistance (0 ) per unit area in the thickness
direction when the average temperatures of the two surfaces
both do not exceed 80° C. satisfies formula (2) above. When
0 ,, does not satisty formula (1) and formula (2), 1f abnormal
heat generation occurs 1n one of the cells 1n the battery pack,
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the amount of heat transfer from this cell to an adjacent cell
1s large, and this may facilitate an increase 1n the temperature
of the adjacent cell, so that abnormal heat generation may
occur 1n the adjacent cell.

0, is preferably 3.0x107° (m*-K)/W or more, more pref-
erably 4.0x107° (m*-K)/W or more, still more preferably
5.0x107° (m*K)W or more, and particularly preferably
6.0x107° (m*>K)W or more. 0, is preferably 15.0x107~
(m*-K)/W or less and more preferably 2.0x107* (m*-K)/W or

less.

0, is preferably 8.0x107° (m>K)/W or less, more pref-
erably 7.5x107° (m*-K)/W or less, still more preferably
7.0x107° (m™K)/W or less, and particularly preferably 6.5x
10~ (m>-K)/W or less. 6 , is preferably 1.0x107> (m*-K)/W
or more and 1.5x107° (m>-K)/W or more.

It 1s necessary that the thermal resistance of a filling
member disposed between a cell undergoing thermal run-
away and a cell adjacent thereto be increased 1n order to
reduce the amount of heat transier. It 1s also necessary that
the thermal resistance of other filling members be small in
order to facilitate heat transfer. Therefore, 0 ,, -0 ,, 1s pref-
erably 5.0x10™* (m*-K)/W or more, more preferably 1.0x
10~ (m*-K)/W or more, and still more preferably 2.0x10~°
(m>K)YW or more. 0,-0_, is preferably 2.0x107°
(m™K)/W or less.

It 1s preferable that, in the filling member of the present
invention, 0,, and 0 , defined below satisty the following
formulas (3) and (4), respectively. When the filling member
satisfies formulas (3) and (4), if abnormal heat generation
occurs 1n one of the cells 1n the battery, the amount of heat
transier from a cell adjacent to this cell to cells therearound
not undergoing abnormal heat generation 1s small. There-
fore, an 1ncrease 1n the temperature of the surrounding cells
1s prevented, so that the occurrence of abnormal heat gen-
eration 1n the surrounding cells 1s prevented.

0.5 K/W=8,,1000 K/W, (3)

0.5 K/W=8,,=1000 K/W, (4)
e .

,1: A heat transter resistance 1n a plane direction when
the average temperature of one of the two surfaces of the
charging member exceeds 180° C.

0,,: A heat transfer resistance in the plane direction when
the average temperatures of the two surfaces of the filling
member are both less than 80° C.

0,, 1s preferably 5.0x10~" K/W or more and more pref-
erably 2.0 K/W or more. No particular limitation 1s imposed
on the upper limit of 6,,,. 6, 1s generally 5.0x10° K/W or
less and more preferably 1.0x10° K/W or less.

0,, 1s preterably 5.0x107" K/W or more and more pref-
erably 2.0 K/W or more. No particular limitation 1s imposed
on the upper limit ot 0,,,. 0, 1s generally 5.0x10° K/W or
less and more preferably 1.0x10° K/W or less.

In the present imvention, when the filling member 1s
composed of a plurality of members, the thermal resistances
0415 B0, 6,,, and 0, can be treated as combined thermal
resistances obtained from the thermal resistances of the
members forming the filling member. A method for com-
puting the combined thermal resistances will be described
later.

[Preferred Characteristics and Specifications of Filling
Member Including Partition Member and Heat Transfer
Sheet]

As described above, the filling member of the present
invention may be composed of a single member or may be
composed of a combination of a plurality of members.

Preferably, the filling member 1s composed of a combination
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of a plurality of members. Particularly pretferably, the filling
member includes a partition member and a heat transier
sheet, as does the filling member 20.

When the average temperature of one of the two surfaces
of the partition member (e.g., the two surfaces 21a and 215
of the partition member 21 of the filling member 20) that are
orthogonal to the thickness direction exceeds 180° C., the
thermal conductivity of the partition member 1n the thick-
ness direction is preferably 2.0x10™* W/m'K or more and
more preferably 3.0x107> W/m'K or more. In this case, the
thermal conductivity 1s preferably 2.0 W/m'K or less and
more preferably 1.9 W/m-K or less.

When the average temperatures of the two surfaces of the
partition member that are orthogonal to the thickness direc-
tion both do not exceed 80° C., the thermal conductivity of
the partition member 1n the thickness direction 1s preferably
5.0x107° W/m'K or more and more preferably 1.0x107"
W/m-K or more. In this case, the thermal conductivity 1s
preferably 5.0x10 W/m'K or less and more preferably 4.0x
10 W/m-K or less.

When the thermal conductivity of the partition member
satisfies the above conditions, heat transfer from a cell
undergoing abnormal heat generation to a cell adjacent
thereto 1s reduced, and heat transfer between cells not
undergoing abnormal heat generation 1s facilitated. The
safety of the battery pack i1s thereby improved.

The thermal conductivity of the heat transier sheet 1 a
plane direction is preferably 1.0x10™" W/m-K or more and
more preferably 1.0x10 W/m-'K or more, irrespective of the
temperature of the partition member. The thermal conduc-
tivity of the heat transfer sheet 1n the plane direction 1s
preferably 1.0x10° W/m-K or less, more preferably 8.0x10”
W/m-K or less, still more preferably 7.0x10° W/m-K or less,
particularly preferably 6.0x10° W/m'K or less, and most
preferably 5.0x10° W/m'K or less. When the thermal con-
ductivity of the heat transier sheet satisfies the above con-
ditions, removal of the heat of a cell undergoing abnormal
heat generation 1s facilitated at relatively low cost. A chain
of damage to the cells 1s thereby prevented.

Examples of the material of the heat transfer sheet include
graphite, graphene, metals (aluminum (including aluminum
fo1ls, aluminum plates, etc.), copper (including copper foils,
copper plates, etc.), metal meshes (such as aluminum
meshes and copper meshes), and carbon fiber sheets and
plates. Of these, graphite sheets and aluminum plates are
preferred. The heat transfer sheet used may be a sheet
obtained by laminating a resin {ilm onto any of the above
materials.

The thickness of the partition member 1s preferably 0.2
mm or more and more preferably 0.3 mm or more and 1s
preferably 10 mm or less and more preferably 9 mm or less.
It 1s preferable that the thickness of the partition member 1s
in the above range because a chain of damage to the cells 1s
prevented and the energy density of the battery pack 1s kept
high.

The thickness of the heat transfer sheet 1s preferably 0.006
mm or more, more preferably 0.02 mm or more, and still
more preferably 0.05 mm or more and 1s preferably 10 mm
or less, more preferably 9 mm or less, and still more
preferably 5 mm or less. It 1s preferable that the thickness of
the heat transfer sheet 1s in the above range because a chain
of damage to the cells 1s prevented and the energy density of
the battery pack 1s kept high.
| Thermal Resistance of Filling Member]

In the present invention, the thermal resistance per unit
area of the filling member means the heat transfer resistance
per unit cross-sectional area of the filling member 1n the
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thickness direction. The thermal resistance per unit area of
the filling member 1n the thickness direction can be repre-
sented using the thermal conductivity (k [W/m-K]) of the
material used for the filling member 1n 1ts thickness direction
and the thickness (d [m]) of the filling member. The unit area
in this case 1s a unit area of a surface perpendicular to the
thickness direction.

A description will be given of the thermal resistance (0 )
per unit area of the filling member 1A shown i FIG. 1A 1n
its thickness direction. The filling member 1A 1s formed of
one material and has a constant density. The thermal con-
ductivity of the filling member 1A 1n 1ts thickness direction
1s denoted as k [W/m-K], and the thickness of the filling
member 1A 1s denoted as d [m]. The average value of the
surface temperature of the surface 15 1s denoted as T, [° C.],
and the average value of the surface temperature of the
surface 1a 1s denoted as T, [© C.].

When T, 1s lower than T,, the difference in surface
temperature between the surface 15 and the surface 1a of the
filling member 1A 1s T,-T,, and the heat flows in the
thickness direction, 1.e., from the surface 15 to the surtace
1a. The amount of heat flow (heat flux) q per unit area of the
filling member 1A can be represented by formula (11) below.

g=k(T,-T5)/d[W/m?] (11)

The heat flux (q) can also be represented by formula (12)
below using the thermal resistance (0 ) per unit area in the
thickness direction.

qg=(1/0,)(1,-15) (12)

Then, from formulas (11) and (12), the thermal resistance
(0 ) per unit area in the thickness direction can be repre-
sented by formula (13) below.

0 =d/k[m*K/W] (13)

The definition of the thermal resistance (6,) ot the filling
member 1A 1n a plane direction will be described. The plane
direction 1s a direction parallel to the surfaces 1a and 15. The
thermal conductivity of the filling member 1A 1s assumed to
be 1sotropic, 1.e., the thermal conductivity in the thickness
direction 1s assumed to be equal to the thermal conductivity
in the plane direction. The thermal resistance of the filling
member 1n the plane direction 1s 1nversely proportional to
the product k-d, 1.e., the product of the thermal conductivity
(k [W/m-K]) of the filling member and its thickness (d [m]),

and 1s defined by the following formula (14).

0,=1/(kd) [K/W] (14)

The shape (structure) of the filling member 1s not limited
to the cuboidal shape. Even when the filling member has a
comb structure, a hollow structure, or a lattice structure, the
thermal resistance per unit area of the filling member 1n the
thickness direction can be represented by formula (13)
above. The filling member may be formed not only of one
material but also of a combination of a plurality of matenals.
Even when the filling member 1s formed of a combination of
a plurality of materials, the thermal resistance per unit area
of the filling member in the thickness direction can be
represented by formula (13) above.

When the filling member 1s formed of a combination of a
plurality of materials, two or more selected from the fol-
lowing various materials may be combined: polyethylene,
chlorinated polyethylene, ethylene-vinyl chloride copoly-
mers, ethylene-vinyl acetate copolymers, polyvinyl acetate,
polypropylene, polybutene, polybutadiene, polymethylpen-
tene, polystyrene, poly-o-methylstyrene, poly-p-vinyl phe-
nol, ABS resins, SAN resins, AES resins, AAS resins,
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methacrylic resins, norbornene resins, polyvinyl chloride,
acrylic modified polyvinyl chloride, polyvinylidene chlo-
ride, polyallylamine, polyvinyl ether, polyvinyl alcohol,
cthylene-vinyl alcohol copolymers, petroleum resins, ther-
moplastic elastomers, thermoplastic polyurethane resins,
polyacrylonitrile, polyvinyl butyral, phenolic resins, epoxy
resins, urea resins, melamine resins, furan resins, unsatu-
rated polyester resins, diallyl phthalate, guanamines, ketone
resins, cellulose acetate, cellophane, cellulose nitrate, ace-
tylcellulose, nylon, polyamides, polyacetal, polyoxymethyl-
ene, polycarbonate, polycarbonate/ABS alloys, polycarbon-
ate/polyester alloys, polyphenylene ether, polybutylene
terephthalate, polyethylene terephthalate, polysuliones,
polyether suliones, polyphenylene sulfide, polyarylate,
polyamide-imides, polyetherimide, polyether ether ketone,
ultra-high-molecular-weight polyethylene, 1sotactic polysty-
rene, liquid crystal polymers, polyimides, tetratfluoroethyl-
ene-pertluoroalkoxy vinyl ether copolymers, tetratluoroeth-
ylene-hexafluoroethylene copolymers, polychloro-
tritfluoroethylene, tetratluoroethylene-ethylene copolymers,
polyvinylidene fluoride, polyvinyl fluoride, polyaminobis-
maleinimides, polytriazine, crosslinked polyamide-imides,
and fluorocarbon resins other than the above maternials.
The thermal resistance (0 ,) per unit area of the filling
member 1B shown 1 FIG. 1B 1n the thickness direction 1s
determined as follows. Let the average temperature of the
surface 1d be T,, and let the average temperature of the
surface 1c be T,. Using T, and T,, the amount of heat flow
per unit area through the filling member 1B and the thermal
resistance per unit area ol the filling member 1B can be
represented by formulas (11), (12), and (13) above.

When the filling member 1s composed of a plurality of
materials (n materials), combined thermal conductivity com-
puted 1n consideration of the structure of the filling member
and the types of materials 1s used as the thermal conductivity
(k) 1n formulas (11) and (13) above, and the thermal resis-
tance (0 ) per unit area 1n the thickness direction can be
represented by formula (13) above. As described above, the
cllective thermal resistance per unit area 1n the thickness
direction that 1s determined 1n consideration of the structure
of the filling member and the types of matenals can be used
as the thermal resistance (0 ) per unit area in the thickness
direction.

The combined thermal conductivity can be computed by,
for example, the following method. First, the combined
thermal resistance (R) of a composite member composed of
a combination of n materials each having a thermal conduc-
tivity: k, [W/m-K], a thickness: d_ [m], a thermal resistance:
R (n=1, 2, ..., n)1s determined. When the n materials are
arranged 1n series, the combined thermal resistance (R) can
be represented by formula (15) below.

R=R+R+R:+ ... +R, (15)

When the n maternials are arranged 1n parallel, the com-

bined thermal resistance (R) can be represented by formula
(16) below. In this case, R, =0,

1/R=1/R+1/R,+1/Rs+ . . . +1/R, (16)

Next, the combined thermal conductivity of the composite
member including the n materials arranged 1n series 1s
computed. In this case, 1t 1s assumed that the cross-sectional
areas (A ) of the n materials 1n a heat transfer direction are
the same. Specifically, A,=A,=A.,=...=A =A [m~]. Then
the thermal resistance (R ) of a material 1s represented by
formula (17) using the thermal resistance (0, ) per unit
cross-sectional area.

R =0/4 (17)
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By modifying formula (15) using formulas (17) and (13),
formula (18) below 1s obtained.

R=0,+60,+8,+...+0,4)A (18)

= (fil/kl + dz/kz + dg/kg + ...+ dﬂfkn)/zdl

Let the combined thermal conductivity of the composite
member be K. Since the total thickness of the composite
member 1s 2d_, the combined thermal conductivity () can
be represented also by formula (19) below.

R=(3d /x)/4

Using formulas (18) and (19), the combined thermal
conductivity (k) in the thickness direction can be repre-
sented as follows.

(19)

K = Z dH/Z (d, k)

=({di+dr+dz3+...+d,)/

(dl"lkl + dz/}’(z + dg/kg + ...+ dnﬂ(”)

The combined thermal conductivity of the composite
member including the n matenals arranged 1n parallel 1s
computed as follows. In this case, 1t 1s assumed that the
thicknesses of the n matenials 1n the heat transier direction
are the same. Specifically, d,=d,=d,= ... =d, [m]. Let the
cross-sectional area of each of the n materials 1n the heat
transfer direction be A [m?®]. Then the thermal resistance
(R, ) of each material can be represented as follows using the
thermal resistance (0,,,) in a plane direction.

Rn :epn

By modifying formula (16) using formulas (20) and (14),
formula (21) below 1s obtained.

(20)

VR=10, + 18, +1/0,5+...+1/0,n (21)

=diky + drky +daks + ... +d,k,

Let the combined thermal conductivity of the composite
member be K. Since the total thickness of the composite
member 1s 2d_, the combined thermal conductivity (k) in the

plane direction can be represented also by formula (22)
below.

R=x2d,

Using formulas (21) and (22), the combined thermal
conductivity (k) in the plane direction can be represented as
follows.

(22)

(23)

K = Z (dﬂ/kn)/z d,

= (dlkl + dzkz + dgkg + ... +Cfnkn)/
(di +dr + ds +...+ d,)

Even when the partition member has the comb structure,
as does the filling member 1B, or has a hollow structure, a
lattice structure, etc., the combined thermal conductivity can
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be computed when the thermal conductivity of air that 1s the
material of the hollow portions and the thicknesses and
cross-sectional areas of the hollow portions are given.

When the average temperature of one of the two surfaces
of a filling member that are orthogonal to the thickness
direction (e.g., one of the surfaces 1a to 1d) exceeds 180° C.,
the thermal conductivity of the filling member 1n the thick-
ness direction is preferably from 2.0x107> W/m'K to 2.0
W/m-K 1inclusive. When the average temperature of the
above surface (e.g., one of the surfaces 1a to 1d) does not
exceed 80° C., the thermal conductivity of the filling mem-
ber in the thickness direction is preferably from 5.0x107>
W/m-K to 50 W/m-K 1inclusive.

[Method for Adjusting Thermal Resistance of Filling Mem-
ber]

A description will be given of a method for adjusting the
thermal resistance (0 ;) per umt area of the filling member 1n
the thickness direction to a desired value.

When the filling member 1s composed of two materials A
and B, the thermal resistance 1n the thickness direction 1s
adjusted to the desired value as follows. (When the partition
members 21 1 FIG. 1C are composed of a material A and
the heat transfer sheets 22 are composed of a material B, the
thermal resistance of the filling member 1n the thickness
direction can be adjusted as follows.)

The material A 1s a material whose thermal resistance (0 )
per unit area in the thickness direction satisfies formula (1)
above. Suppose that the thermal conductivity k of the
material A 1s k=0.20 [W/m-K] and 1ts thickness 1s d=1.0
[mm]. Then the thermal resistance per unit area in the
thickness direction is 0 _~d/k=(1.0x107)/0.20=5.0x107"
[m~>K/W].

The material A 1s, for example, a resin plate formed of
polycarbonate or butyl rubber.

The material B 1s a material whose thermal resistance (0 )
per unit area 1n the thickness direction satisfies formula (2)
above. Suppose that the thermal conductivity k of the
material B 1s k=0.25 [W/m'K] and its thickness 1s d=1.0
[mm]. Then the thermal resistance per unit area in the
thickness direction is 6=d/k=(1.0x107°)/0.25=4.0x10"
[m~>-K/W]. When the material B is solid, it is, for example,
a ceramic, a glass plate, polyethylene, etc. When the material
B 1s liquid, 1t 1s water, ethylene glycol, glycern, etc.

A description will be given of a first example of the filling
member whose thermal resistance (0 ;) per unit area in the
thickness direction satisfies formula (1) above at a tempera-
ture equal to or higher than T [° C.] and satisfies formula (2)
at a temperature lower than T [° C.]. This filling member 1s
obtained by removing the frame 32 from the filling member
30 in FIG. 1D. Specifically, the filling member includes the
pouch structure 31 and the fluid matenial 34.

In this example, the pouch structure 31 1s formed of the
material A having a melting point at a temperature higher
than T [° C.]. The pouch structure 31 i1s charged with the
fluid material 34 that 1s 1n a liquad state at T [© C.]. The fluid
matenal 1s preferably one of water, ethylene glycol, glyc-
erin, etc. exemplified for the material B when it 1s ligud.

As described above, the opening 31e 1s closed with the
stopper 33 formed of a material having a melting point
around T [° C.]. Examples of the maternal of the stopper 33
include propylene-butylene-ethylene terpolymers, polypro-
pvlene, polyethylene, ethylene-propylene copolymers, eth-
ylene-acrylic acid copolymers, propylene-acrylic acid copo-
lymers, nylon, polyethylene terephthalate, tin-lead alloys,
tin-bismuth alloys, and lead-bismuth alloys. When the stop-
per 33 melts, the fluid material 34 flows down through the
opening 33 to the outside.
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The pouch structure may have an outer shape other than
the cuboidal shape. In FIG. 1D, the opening 1s provided on
the lower surface of the pouch structure. However, the
opening may be provided on a side surface so long as the
material B can tflow down through the opening to the outside
of the pouch structure. The filling member 1 may have a
structure 1n which a plurality of pouch structures filled with
the material B described above are arranged horizontally or
vertically. The stopper 1s not always necessary. The melting,
point of a material C may be equal to or lower than the
melting point of the material B. The stopper may be formed
of the material B. It 1s not always necessary that the material
B be liquad at T [° C.], and the material B can be 1n a fluid
state other than the liquid state.

When the surface temperature of the filling member
including the pouch structure 31 and the fluid material 34 1s
lower than T [° C.], the fluid material 1n the pouch structure
allows the thermal resistance (0 ;) per unit area in the
thickness direction to satisty formula (2) above. When the
surface temperature of the filling member becomes equal to
or higher than T[° C.], the fluid material flows out to the
outside of the pouch structure. Therefore, the filling member
1s composed of the pouch structure, so that the thermal
resistance (0 ) per unit area of the filling member 1n the
thickness direction satisfies formula (1) above.

The filling member 1D m FIG. 1D will be described as a
second example of the filling material whose thermal resis-
tance (0 ;) per unit area in the thickness direction satisfies
formula (1) above at a temperature equal to or higher than
T [° C.] and satisfies formula (2) above at a temperature
lower than T [° C.].

In this example, the lattice-shaped frame 32 formed of the
material A 1s disposed 1nside the pouch structure 31 formed
of the material A. An mnner portion of the pouch structure 31
other than the frame 32 1s filled with the fluid material 34
formed of the material B that 1s in a liquid state at T [° C.].
The opening 31e 1s closed with the stopper 33 formed of the
material C having a melting point around T [° C.]. When the
stopper 33 formed of the material C melts at around T [° C.],
the fluid material 34 flows out through the opening 31e.
When the surface temperature of the filling member 1D 1s
lower than T [° C.], the fluid material charged into the pouch
structure 31 allows the thermal resistance (0 ;) per unit area
in the thickness direction to satisty formula (2) above. When
the surface temperature of the filling member 1D becomes
equal to or hugher than T [° C.], the fluid material 34 flows
out. Therefore, the filling member 1D 1s composed of the
pouch structure 31 and the frame 32 that are formed of the
material A, so that the thermal resistance (0 ,) per unit area
of the filling member 1n the thickness direction satisfies
formula (1) above.
| Battery Pack]

The battery pack of the present invention includes a
plurality of pouch cells and the filling members of the
present invention, and the pouch cells are separated by the
filling members.
<Pouch Cells>

In the present invention, “the pouch cell” means a single
cell including a positive electrode sheet, a negative electrode
sheet, a separator sheet, and terminals and further including
resin-made sheets or films, laminates thereot, or laminates of
these sheets or films and metal foils that are used as exterior
members for housing the above components of the cell.

Lithium 10n secondary batteries can be produced in vari-
ous lforms. Representative examples of the lithium 1on
secondary batteries include rectangular lithtum 10n second-
ary batteries, cylindrical lithium 10n secondary batteries, and
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lithium 10n pouch secondary batteries. Of these, the lithium
ion pouch secondary battery generally include an electrode
assembly and a case that houses the electrode assembly. The
clectrode assembly includes a negative electrode sheet pre-
pared by applying a carbon material capable of occluding
and releasing lithium 1ons to a metal sheet, a positive
clectrode sheet prepared by applying a lithium-containing
oxide to a metal sheet, and a separator sheet interposed
between the negative electrode and the positive electrode to
clectrically insulate these electrodes from each other. Ter-
minals for outputting electric power from the negative
clectrode sheet and the positive electrode sheet to the outside
are attached to the electrode assembly.

The lithtum 10n pouch secondary battery includes a pouch
case formed from sheets each produced by laminating a
polymer film and a metal sheet such as an aluminum sheet.
The case 1s produced by bonding or fusing the two sheets
cach formed by laminating the polymer film and the metal
sheet such as the aluminum sheet and has an 1nner space
capable of housing the electrode assembly.

In the lithium 10n pouch secondary battery, the electrode
assembly 1s inserted into the pouch case having the space
formed therein, and then an electrolyte 1s 1injected 1nto the
pouch case. Then the circumierence of the pouch case 1s
sealed by bonding or fusion, and the lithium 10on pouch
secondary battery 1s thereby completed.

The lithium 10on pouch secondary battery uses the pouch
case formed of the sheets. Therefore, one advantage of
lithium 10n pouch secondary batteries 1s that various light-
weight lithium secondary batteries can be produced, and
another advantage 1s that their production process 1s simple.
The lithtum 1on pouch secondary batteries can be easily
assembled, and there are few restrictions on the form and
s1ize of the batteries. Generally, each battery has a substan-
tially box shape. The longitudinal and transverse lengths of
the battery produced are about 5 mm to and 500 mm, and its
thickness 1s about 0.5 mm to about 30 mm.

However, one problem 1s that, since the lithium 1on pouch
secondary battery uses the pouch case and does not include
a metal can used 1n cylindrical and rectangular batteries, the
ability to dissipate heat to the outside 1s poorer, and this
greatly aflects the charge-discharge performance and safety
of the battery. One problem that occurs when the battery
formed has a box shape 1s that 1t 1s dithicult to form flat side
surfaces, so that 1t 1s diflicult to bring the side surfaces nto
direct contact with cooling plates disposed outside the
battery in order to cool the battery.

The “abnormal heat generation state” of a pouch cell 1n a
battery pack means the state in which a decomposition
reaction occurs in the pouch cell to cause a short circuit or
heat generation and thereby cause part of or the entire pouch
cell to be heated to 200° C. or higher. The “thermal run-
away’’ 1s the phenomenon in which a pouch cell enters the
abnormal heat generation state and the heating rate of the
pouch cell becomes larger than 1ts cooling rate, so that the
temperature cannot be controlled. A “normal condition”™
(normal temperature) 1s the condition 1n which the tempera-
ture of a pouch cell 1s equal to or lower than the upper limit
of the temperature at which the pouch cell can be normally
charged or discharged without significant capacity degrada-
tion. Specifically, the normal condition 1s a condition of a
temperature equal to or lower than the upper limit use
temperature specified by the manufacturer and 1s typically
80° C. or lower.

One example of the cell 1n the pouch cell 1s a lithium 1on
secondary cell mncluding positive and negative electrodes
capable of occluding and releasing lithium 1ons and an

-




US 11,929,478 B2

15

clectrolyte. In addition to the lithium 1on secondary cell,
secondary cells such as all solid state lithium 1on cells,
nickel-hydrogen cells, nickel-cadmium cells, and lead stor-
age cells are usable.

As described above, each of the pouch cells used in the
battery pack of the present invention 1s generally enclosed
by the exterior material. Preferably, the exterior material has
a layered structure including a resin layer and a metal foil
layer.

The resin layer included in the exterior material 1s, for
example, a single layer of one material selected from the
group consisting of propylene-butylene-ethylene ternary
copolymers, polypropylene, polyethylene, ethylene-propyl-
ene copolymers, ethylene-acrylic acid copolymers, propyl-
ene-acrvlic acid copolymers, nylon, and polyethylene or a
composite layer including a combination of two or more of
the above materials. Examples of the metal foil layer
included 1n the exterior material include aluminum, copper,
and stainless steel. The aluminum foil may be formed only
of pure aluminum but i1s preferably formed of an aluminum
alloy. Examples of the aluminum alloy used for the alumi-
num foil include aluminum-Fe-based alloys and aluminum-
Mn-based alloys. The aluminum alloy 1s preferably an
aluminum-Fe-based alloy.

As exemplified 1n FIG. 1C, it 1s preferable that the battery
pack of the present invention includes the pouch cells and
the filling members (1n FI1G. 1C, the filling members 20 each
including a partition member 21 and a heat transier sheet 22)
that are disposed on the cooling plate. In the thus-configured
battery pack, when the pouch cells generate heat in their
steady state, heat can transier sutliciently in plane directions
of the filling members. Therefore, the heat of the pouch cells
transiers to the cooling plate sufliciently, so that the pouch
cells are cooled efhiciently.

The material of the cooling plate may be a metal plate.
Examples of the metal include aluminum, copper, steel, and
SUS. A liquid passage may be formed 1n the metal plate, and
a coolant may be circulated in the passage. A tube or a heat
sink having a liquid passage may be 1n contact with the
metal plate. Preferably, the cooling plate 1s an aluminum
plate or a plate having an integrated structure including an
aluminum plate and a coolant circulation structure (a struc-
ture including an aluminum plate having a hollow structure
for passage of the coolant). The thickness of the cooling
plate 1s preferably from 0.5 mm to 30 mm inclusive. When
no coolant passage 1s formed inside the cooling plate, its
thickness 1s preferably from 0.5 mm to 10 mm inclusive and

more preferably from 0.5 mm to 2 mm 1inclusive.

EXAMPLES

The present invention will next be described more spe-
cifically by way of Examples, but the present invention 1s
not limited to these Examples.

Retference Comparative Example 1

Using a two-dimensional simulation model 40 of a battery
pack shown in FIG. 2A, a simulation of 1its heat transier

Density [kg/m”]
Specific heat [J'kg - K]

Thermal conductivity[W/m - K]
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characteristics was conducted. In the sitmulation model 40, a
filling member 42 1s disposed between each two adjacent
pouch cells of ten pouch cells 41. The pouch cells 41 and the
filling members 42 are placed on a cooling plate 43.

Each pouch cell 41 1s enclosed by a very thin plastic film.
However, since the thermal resistance of the film 1s small,
the film 1s not included 1n the model.

It was assumed that the contact between the cooling plate
43 and the bottom surfaces of the pouch cells 41 and the
filling members 42 was 1nsuflicient and that adiabatic
boundaries were formed at their boundary surfaces.

The dimensions of the components are shown 1n Table 1.

TABLE 1
Filling Pouch Cooling
member cell plate
Thickness [mm] 1.0 10.0 5.0
Length [mm] 100.0 100.0 110.0

Reference Comparative Example 2

A simulation was conducted using a simulation model 50
of a battery pack shown 1n FIG. 2B. In the simulation model
50, a filling member 352 1s disposed between each two
adjacent can cells of ten can cells (pouch cells enclosed by
cans) 51. The can cells 51 and the filling members 52 are
placed on a cooling plate 53. It was assumed that the cans
were 1n close contact with the cooling plate 53. The dimen-
sions of the components are shown 1n Table 2.

TABLE 2
Filling Pouch Cooling
member cell plate Can
Thickness [mm] 1.0 10.0 5.0 1.0
Length [mm] 102.0 100.0 110.0 102.0 x 12.0

Next, the physical properties of the components used are
shown 1n Table 3. The filling members 52 are formed of a
material whose thermal conductivity changes at 100° C. In
the simulation, the components were divided into small
regions called meshes to perform heat transfer analysis.
When the temperatures of all the small regions 1included 1n
the filling members 52 reached 100° C., the thermal con-
ductivity was changed.

When the average temperature of one of the two surfaces
orthogonal to the thickness direction of each filling member
exceeded 180° C., the thermal conductivity for 100° C. or
higher was used. When the average temperatures of the two
surfaces orthogonal to the thickness direction of the filling
member both did not exceed 80° C., the thermal conductiv-
ity for less than 100° C. was used.

TABLE 3
Filling member Pouch cell Can, cooling plate
975 2522 2702
837 880 903
0.5 (lower than 100° C.) 1.7 (thickness direction) 237

32.5 (orthogonal direction)
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| Thermal Runaway Simulation]

It was assumed that the leftmost pouch cells 1n the battery
packs shown i FIGS. 2A and 2B underwent thermal run-
away. The mitial temperature of these pouch cells was set to
700° C., and 1n1tial temperature of other components was set
to 23° C. It was assumed that the outer circumierence of
cach battery pack was 1n contact with air, and a boundary
condition for natural convection (4.0 W/m*K) was used.
The mitial temperature of the battery pack as a whole was set
to 25° C., and the temperature of air around the outer
circumierence was also set to 25° C.

FIG. 2C shows a change in maximum temperature of an
adjacent pouch cell over time. In Example 1, the maximum
temperature was 253.6° C. In Example 2, the maximum
temperature was 160.8° C. The increase 1n temperature was
much smaller 1n Example 2 than 1n Example 1. As can be
seen from the results, 1t 1s preferable that heat transier sheets
for dissipating heat of the pouch cells to the cooling plate are
disposed between the cooling plate and the pouch cells.

Example 1

Based on the above findings, heat transfer analysis was
conducted on a simulation model 40' shown 1n FIG. 2D.

In the stimulation model 40", filling members 20 prepared
by stacking the partition members 21 shown i FIG. 1C on
the respective heat transfer sheets 22 shown 1n FIG. 1C were
used 1nstead of the filling members 42. It was assumed that
the contact between the bottom surface of each pouch cell 41
and the extending piece 225 of a corresponding heat transfer
sheet 22 was msuflicient, so that the boundary surface was
an adiabatic boundary. The dimensions of each component
are shown in Table 4.

TABLE 4
Partition Pouch  Cooling Heat transfer
member cell plate sheet
Thickness [mm] 1.0 10.0 5.0 1.0
Length [mm)] 101.0 100.0 120.0 101.0 x 11.0

The same physical properties as those in Table 3 were
used for the partition members, the pouch cells, and the
cooling plate. In the simulation, the maximum temperature

of an adjacent pouch cell was determined using heat transfer
sheets with different thermal conductivities [W/m-K]: 0.1,
0.2, 0.5, 1.0, 10, 50, 100, 500, 1000, 5000, and 10000. The

results are shown 1n Table 5.
The thermal conductivity of the partition members was
changed at 100° C. as shown 1n the filling member column

in Table 3.

Comparative Example 1

A stmulation was performed under the same conditions as
those 1n Example 1 except that the thermal conductivity of

Thermal resistance
of partition members
in thickness direction

at lower than

Thermal resistance
of heat transfer
sheets 1n thickness

5

10

15

20

25

30

35

40

45

50

direction x107° 100° C. x107°
[m? - K/W] (m” - K/W]
10000 2000
5000 2000
2000 2000
1000 2000
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the partition members was not changed and was held at a
constant value of 0.15 W/m-'K. The results are shown 1n
Table 3. “Difference in maximum temperature’™ 1in Table 5 1s
the difference between the maximum temperature in
Example 1 and the maximum temperature in Comparative
Example 1.

TABLE 5

Maximum temperature of
adjacent pouch cell [© C.]

Thermal Thermal
conductivity conductivity Thermal Difference
of heat not changed conductivity 1IN Maximum
transfer sheets (Comparative changed temperature
[W/m - K] Example 1) (Example 1) At [° C.]
0.1 206.3 203.7 2.6
0.2 214.7 211.6 3.1
0.5 221.3 216.2 5.1
1 223.3 216.3 7.0
10 219.9 211.0 8.9
50 211.6 203.5 8.0
100 207.7 200.8 6.9
500 187.4 185.2 2.2
1000 179.0 178.9 0.1
5000 172.2 171.8 0.4
10000 171.7 170.3 1.4
No heat 2594 253.6 5.8

transfer sheets

As can be seen from Table 35, the maximum temperature
of the adjacent pouch cell was lower when the thermal
conductivity of the partition members was changed at 100°
C., wrrespective of the thermal conductivity of the heat
transfer sheets. However, when the thermal conductivity
was excessively small or excessively large, the diflerence At
between the maximum temperature when the thermal con-
ductivity was not changed and the maximum temperature
when the thermal conductivity was changed tended to be
small. Specifically, it was found that the effect was highest
when the thermal conductivity was changed while the ther-
mal conductivity of the heat transfer sheets was set to a
certain value (about 10.0 W/m-K 1n this case).

In Example 1, the partition members whose thermal
conductivity was changed at 100° C. were used, and the
partition members and the heat transfer sheets were joined
together. The thermal resistances in the thickness direction at
lower than 100° C. and at 100° C. or higher were determined
using formula (18) with A=1.0, and the results are shown in
Table 6. The thermal resistances 1n a plane direction were
determined using formula (21), and the results are shown 1n
Table 7. When the thermal conductivity 1s not changed, the
combined thermal resistances are the same as those at 100°

C. or higher in Tables 6 and 7.
TABLE 6

Combined thermal
resistance 0,
in thickness direction

Combined thermal
resistance 0
in thickness direction

Thermal resistance
of partition members
in thickness direction

at 100° C. or at lower than at 100° C. or

higher x107° 100° C. x107° higher x107°

[m” - K/W] (m? - K/W] [m” - K/W]
6666.7 12000.0 16666.7
6666.7 7000.0 11666.7
6666.7 4000.0 8666.7
6666.7 3000.0 7666.7
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TABLE 6-continued

Combined thermal
resistance 0

in thickness direction

Combined thermal
resistance 0O
in thickness direction

Thermal resistance
of partition members
in thickness direction

Thermal resistance
ol partition members
in thickness direction

Thermal resistance
of heat transfer

sheets 1n thickness at lower than at 100° C. or at lower than at 100° C. or
direction x107° 100° C. x107° higher x107° 100° C. x107° higher x107°
m? - K/'W] [m? - K/'W] [m? - K/'W] [m? - K/W] [m? + K/'W]

100 2000 6666.7 2100.0 6766.7

50 2000 6666.7 2050.0 6716.7

10 2000 6666.7 2010.0 6676.7

5 2000 6666.7 2005.0 6671.7

1.0 2000 6666.7 2001.0 6667.7

0.5 2000 6666.7 2000.6 6667.2

0.2 2000 6666.7 2000.2 6666.9

0.1 2000 6666.7 2000.1 6666.8

TABLE 7

Combined thermal
resistance 0,
in plane direction

Combined thermal
resistance 0,
in plane direction

Thermal resistance
of partition members
in plane direction

Thermal resistance
of partition members
in plane direction

Thermal resistance
of heat transfer
sheets 1n plane

direction at lower than 100° C.  at 100° C. or higher  at lower than 100° C. at 100° C. or higher
10000 2000 6666.7 1666.7 4000.0
5000 2000 06606.7 1428.6 2857.1
2000 2000 6666.7 1000 1538.5
1000 2000 6666.7 666.7 869.6
100 2000 6666.7 95.2 98.5
50 2000 66606.7 48.6 49.6
10 2000 6666.7 10.0 10.0
5 2000 6666.7 5.0 5.0
1 2000 66606.7 1.0 1.0
0.5 2000 6666.7 0.5 0.5
0.2 2000 66606.7 0.2 0.2
0.1 2000 6666.7 0.1 0.1
As can be seen from Table 6, the smaller the thermal TABIE ©
resistance of the heat transfer sheets, the closer the combined
thermal resistance 1n a plane direction at lower than 100° C. X0 P"'f”“m?“ tﬂ?“ﬁf&’{
: : : . adjacent pouch ce .
1s to the combined thermal resistance at 100° C. or higher.
However, even 1n this case, the combined resistances in the Thermal Thermal
thickness direction were different, and the effect of reducing conductivity conductivity Thermal Difference
¢ : ¢ ¢ £ the adi t cell hioh of heat not changed conductivity 1N Maximum
e Maximuin empel: ature O € adjacent cell was Igher transfer sheets (Comparative changed temperature
when the thermal resistance was changed. 45 [W/m - K] Example 2) (Example 2) At [° C.]
. - 0.1 196.2 194.2 2
Example 2 and Comparative Example 2 0o 190 5 {06 0 Ny
0.5 201.3 196.6 4.7
The same analysis as the analysis performed in Example 1 200.8 193.2 1.6
1 and Comparative Example 1 was performed except that, s, ég :Ef'g :‘22'2 :“2'?
although the thickness of the heat transfer sheets was not 100 1809 165.0 143
changed, the thickness of the partition members was reduced 500 177.5 166.4 11.1
to 0.5 mm. 1000 175.7 166.2 9.5
5000 176.0 173.4 2.6
10000 179.8 177.1 2.7
TABLE 3 55 No heat 207.6 227.9 20.3
transfer sheets
Partition Cooling Heat transfer
member Electrode plate sheet
. As can be seen from Table 9, even when the thickness of
Thickness [mm] 0.5 10.0 >.0 1.0 the partition members was reduced, the maximum tempera-
Length [mm)] 101.0 100.0 120.0 101.0 x 11.0

The same physical properties as those in Table 3 were
used for the partition members, the pouch cells, and the
cooling plate. The results are shown 1n Table 9. “Diflerence
in maximum temperature” in Table 9 1s the diflerence
between the maximum temperature 1n Example 2 and the
maximum temperature 1n Comparative Example 2.

e

60

65

ture of an electrode of the adjacent pouch cell was lower
when the thermal conductivity of the partition members was

changed at 100° C., irrespective of the thermal conductivity
of the heat transfer sheets. However, when the thermal
conductivity was excessively small or excessively large, the
difference At between the maximum temperature when the
thermal conductivity was not changed and the maximum
temperature when the thermal conductivity was changed
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tended to be small. Specifically, 1t was found that the effect
was highest when the thermal conductivity was changed
while the thermal conductivity of the heat transfer sheets
was set to a certain value (about 10.0 W/m-K 1n this case).

The reason that the maximum temperatures of the adja-
cent cell 1n Table 9 are generally lower than those 1n Table
5> may be that, since the thickness of a partition member 21
on the left side of the cell undergoing thermal runaway 1s
smaller, heat dissipation from the cell undergoing thermal
runaway 1s facilitated. Specifically, 1t 1s preferable that no
partition member 21 1s provided on the left side and only a
heat transier sheet 1s provided.

Thermal resistance
of partition members
in thickness direction

at lower than
100° C. x107°[m? -

Thermal resistance
of heat transfer
sheets in thickness
direction x107°[m? -

K/W] K/W]
10000 1000
5000 1000
2000 1000
1000 1000
100 1000
20 1000
10 1000

2 1000

1 1000
0.2 1000
0.1 1000

Thermal resistance
of heat transfer

sheets 1n plane

10

Thermal resistance
ol partition members
in plane direction
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In Example 2, the partition members whose thermal
conductivity was changed at 100° C. were used, and the
partition members and the heat transfer sheets were jomned
together. The thermal resistances in the thickness direction at
lower than 100° C. and at 100° C. or higher were determined
using formula (18) with A=1.0, and the results are shown in
Table 10. The thermal resistances 1n a plane direction were
determined using formula (21), and the results are shown 1n
Table 11. In Comparative Example 2 in which the thermal
conductivity 1s not changed, the combined thermal resis-

tances are the same as those at 100° C. or higher in Tables
10 and 11.

TABLE

10

Combined thermal
resistance 0O,
in thickness direction

Combined thermal
resistance 0O
in thickness direction

Thermal resistance
of partition members
in thickness direction

at 100° C. or at lower than at 100° C. or
higher x107°[m? - 100° C. x107°[m? - higher x107°[m? -

K/WT K/W] K/WT

3333.3 11000 13333.3
3333.3 6000 8333.3
3333.3 3000 5333.3
3333.3 2000 4333.3
3333.3 1100 3433.3
3333.3 1020 3353.3
3333.3 1010 3343.3
3333.3 1002 3335.3
3333.3 1001 3334.3
3333.3 1000.2 3333.5
3333.3 1000.1 33334

TABLE 11

Combined thermal
resistance 0,
in plane direction

Combined thermal
resistance 0,
in planer direction

Thermal resistance
of partition members
in plane direction

direction at lower than 100° C.  at 100° C. or higher at lower than 100° C. at 100° C. or higher
[K/W] [K/W] [K/W] [K/W] [K/W]
10000 4000 13333.3 2857.1 5714.3
5000 4000 13333.3 2222.2 36364
2000 4000 13333.3 1333.3 1739.1
1000 4000 13333.3 8O0 930.2
100 4000 13333.3 97.6 99.3
20 4000 13333.3 19.9 20.0
10 4000 13333.3 10.0 10.0
2 4000 13333.3 2.0 2.0
1 4000 13333.3 1.0 1.0
0.2 4000 13333.3 0.2 0.2
0.1 4000 13333.3 0.1 0.1

“ Example 3 and Comparative Example 3

Next, the thermal conductivity of the filling members at

lower than 100° C. shown in Table 3 and the thermal

conductivity at 100° C. or higher shown in Table 3 were

changed to those shown in Table 12. In Comparative

55 Example 3, the thermal conductivity was not changed. In

Density [kg/m?]
Specific heat [I/’kg - K]

Thermal conductivity [W/m - K]

Example 3, the thermal conductivity was changed. When the
thermal conductivity was not changed, the thermal conduc-
tivity at 100° C. or higher was used.

TABLE 12
Partition member Pouch cell Can - cooling plate
975 2522 2702
837 880 903
0.25 (less than 100° C.) 1.7 (thickness direction) 237

0.2 (100° C. or higher) 32.5 (orthogonal direction)
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TABL.

(Ll

13

Maximum temperature of
adjacent pouch cell [~ C.]

Thermal Thermal
conductivity conductivity Thermal Difference
of heat not changed conductivity 1IN MAaxIimuin
transfer sheets (Comparative changed temperature
[W/m - K] Example 3) (Example 3) At [° C.]

0.1 208.6 208 0.6

0.2 218.2 217.7 0.5

0.5 227.3 2264 0.9

1 230.7 2294 1.3

10 230.4 2289 1.5

50 224.9 223.6 1.3

100 220.2 219.1 1.1

500 200.5 200.2 0.3

1000 191.6 191.6 0.0

5000 181.2 181.1 0.1

10000 179.2 178.9 0.3

No heat 268.2 267.0 1.2

transfer sheets

As can be seen from Table 13, the maximum temperature
of the adjacent pouch cell was lower when the thermal
conductivity of the partition members was changed at 100°
C., wrrespective of the thermal conductivity of the heat
transier sheets. However, when the thermal conductivity

was excessively small or excessively large, the difference At

Thermal resistance
of partition members
in thickness direction

at lower than

Thermal resistance
of heat transfer
sheets 1n thickness

direction x107°[m? -  100° C. x107°[m? -
K/W] K/W]
10000 4000
5000 4000
2000 4000
1000 4000
100 4000
50 4000
10 4000
5 4000
1.0 4000
0.2 4000
0.1 4000

Thermal resistance
of heat transfer
sheets 1n plane

10

15

20

25

Thermal resistance
of partition members
in plane direction

24

between the maximum temperature when the thermal con-
ductivity was not changed and the maximum temperature
when the thermal conductivity was changed tended to be
small. Specifically, 1t was found that the effect was highest
when the thermal conductivity was changed while the ther-
mal conductivity of the heat transfer sheets was set to a
certain value (about 10.0 W/m-K 1n this case).

In Example 3, the partition members whose thermal
conductivity was changed at 100° C. were used, and the
partition members and the heat transfer sheets were jomned
together. The thermal resistances in the thickness direction at
lower than 100° C. and at 100° C. or higher were determined
using formula (18) with A=1.0, and the results are shown 1n
Table 14. The thermal resistances 1n a plane direction were
determined using formula (21), and the results are shown 1n
Table 15. In Comparative Example 3 1n which the thermal
conductivity 1s not changed, the combined thermal resis-
tances are the same as those at 100° C. or higher in Tables
14 and 13.

The difference 1n maximum temperature At in Table 13 1s
smaller than the difference 1n maximum temperature At in
Table 5. Specifically, when the difference between the ther-
mal conductivity (or the thermal resistance) at lower than
100° C. and the thermal conductivity (or the thermal resis-
tance) at 100° C. or higher 1s small, the difference in
maximum temperature At tends to be small.

TABLE 14

Combined thermal
resistance 0O,
in thickness direction

Combined thermal

resistance O
in thickness direction

Thermal resistance
of partition members
in thickness direction

at 100° C. or at lower than at 100° C. or
higher x10™°[m? - 100° C. x107°[m? - higher x10™°[m? -
K/W] K/W] K/W]
5000 14000 15000
5000 9000 10000
5000 6000 7000
5000 5000 6000
5000 4100 5100
5000 4050 5050
5000 4010 5010
5000 4005 5005
5000 4001 5001
5000 4000.2 5000.2
5000 4000.1 5000.1
TABLE 15

Thermal resistance Combined thermal Combined thermal

of partition members resistance 0, resistance 0,

in plane direction in planer direction in plane direction

direction at lower than 100° C.  at 100° C. or higher at lower than 100° C. at 100° C. or higher
[K/W] [K/W] [K/W] [K/W] [K/W]
10000 4000 5000 2857.1 3333.3

5000 4000 5000 2222.2 2500

2000 4000 5000 1333.3 1428.6
1000 4000 5000 800 833.3
100 4000 5000 97.6 98.0
50 4000 5000 49 .4 49.5
10 4000 5000 1.0 1.0
5 4000 5000 5.0 5.0
1 4000 5000 1.0 1.0
0.2 4000 5000 0.2 0.2
0.1 4000 5000 0.1 0.1
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Although the present mmvention has been described in
detail by way of the specific modes, it 1s apparent for those
skilled 1n the art that various changes can be made without
departing from the spirit and scope of the present invention.

The present application 1s based on Japanese Patent

Application No. 2018-172560 filed on Sep. 14, 2018, the
entire contents of which are incorporated herein by refer-

CIICC.

REFERENCE SIGNS LIST

1A, 1B filling member

10 battery pack

11 cooling plate

12 pouch cell

20 filling member

21 partition member

22 heat transfer sheet

30 filling member

31 pouch structure

32 frame

33 stopper

34 tlowable material

40, 40', 50 simulation model of battery pack

41 pouch cell

51 can cell

The 1invention claimed 1is:

1. A filling member to be mterposed between pouch cells

of a battery pack,

the filling member having a first surface orthogonal to a
thickness direction thereof and a second surface oppo-
site to the first surface,

wherein 0 ,, and 0, defined below satisty formulas (1)
and (2) below, respectively, wheremn 0, satisfies for-
mula (3) below, and wherein 0 ,,>0 ,, holds:

0 ,,23.0x107° (m*K)/W, (1)

0 ,=8.0x107 (m*-K )W, (2)

0.5 K/W=8,,1000 K/W, (3)

0.5 K/W=6,,=1000 K/W, (4)

0 ,,: a heat transier resistance per unit area in the thickness
direction when the average temperature of one of the
first and second surfaces exceeds 180° C.,

0 ... a heat transier resistance per unit area in the thickness
direction when the average temperatures of the first and
second surfaces both do not exceed 80° C.,

0,,: a heat transter resistance in a plane direction when
the average temperature of one of the first and second

surfaces exceeds 180° C.,
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0,,: a heat transfer resistance in the plane direction when
the average temperatures of the first and second sur-

faces both do not exceed 80° C.,

wherein the filling member comprises a partition member
and a heat transier sheet,

wherein, when the average temperature of one of the first
and second surfaces exceeds 180° C., the thermal
conductivity of the partition member in the thickness
direction is from 2.0x107> W/m-K to 2.0 W/m'K inclu-

S1VE,

wherein, when the average temperatures of the first and
second surfaces both do not exceed 80° C., the thermal
conductivity of the partition member in the thickness

direction is from 5.0x1072 W/m-K to 5.0x10! W/m-K
inclusive, and

wherein the thermal conductivity of the heat transfer sheet
in the plane direction is from 1.0x10" W/m'K to 2.0x
10° W/m-K inclusive, irrespective of the temperature of
the partition member.

2. The filling member according to claim 1, wherein the
thickness of the heat transier sheet 1s 0.02 mm to 2 mm.

3. The filling member according to claim 2, wherein the
thickness of the filling member 1s 0.2 mm to 10 mm.

4. The filling member according to claim 1, wherein the
thickness of the filling member 1s 0.2 mm to 10 mm.

5. A battery pack comprising: a plurality of pouch cells;
and a filling member according to claam 1, the filling
member being iterposed between each two adjacent pouch
cells of the plurality of pouch cells.

6. The battery pack according to claim 5, wherein the first
and second surfaces of each of the filling member that 1s
interposed between corresponding two adjacent pouch cells
of the plurality of pouch cells face the respective two
adjacent pouch cells of the plurality of pouch cells.

7. The battery pack according to claim 3, wherein the
pouch cells are enclosed by an exterior material, and
wherein the exterior material has a layered structure includ-
ing a resin layer and a metal foil layer.

8. The battery pack according to claim 5, wherein, when
the thickness of each of the pouch cells 1s L, the thickness
of the filling member 1s L/50 to L/10.

9. The battery pack according to claim 5, wherein the
filling member 1s the filling member according to any one of
claims 2 to 4, and

wherein, when the thickness of each of the pouch cells 1s
L., the thickness of the heat transter sheet 1s 1./1000 to
L/10.
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